Abstract. Recent advances in metabolic scaling theory have highlighted the importance of exchange surfaces and vascular network geometry in understanding the integration and scaling of whole-plant form and function. Additional work on leaf form and function has also highlighted general scaling relationships for many leaf traits. However, it is unclear if a common theoretical framework can reveal the general rules underlying much of the variation observed in scaling relationships at the whole-plant and leaf level. Here we present an extension of the general model introduced by G. B. West, J. H. Brown, and B. J. Enquist that has previously been applied to scaling phenomena for whole plants to predict scaling relationships in leaves. Specifically, the model shows how the exponents that describe the scaling of leaf surface area, length, and petiole diameter should change with increasing leaf mass (or with one another) and with variation in leaf dimensionality. The predictions of the model are tested and found to be in general agreement with a large data set of leaves collected from both temperate and arid sites. Our results demonstrate that a general model based on the scaling properties of biological distribution networks can also be successfully applied to understand the diversity of leaf form and function.
INTRODUCTION
The overwhelming majority of Embryophytes are characterized by flat-bladed megaphyllous leaves with vascular networks for the capture of photosynthetic radiation and assimilation of carbon. Morphological and physiological properties of leaves are critical in influencing plant growth, energy, and material cycling in terrestrial food webs, and global geochemical cycling. From arctic tundra to tropical rain forests, the range of leaf vascular and morphological adaptations exhibited is striking (Givnish 1986 , Sack and Frole 2006 , Sack and Holbrook 2006 . Interestingly, despite such diversity in form and function, leaf properties are characterized by general scaling relationships (Reich et al. 1997 , Wright et al. 2004 . For example, this previous work has shown that variability in the specific leaf area (SLA, the ratio of leaf surface area and mass) is tightly linked to leaf longevity, and hence to whole-leaf carbon economy. However, there is currently little theoretical work on the underlying mechanisms that ultimately govern the intraand interspecific scaling relationships that determine leaf dimensions (length, surface area, and mass; e.g., Fig. 1 ), physiology, and life history (but see Shipley et al. 2006) .
Vascular networks are common to virtually all multicellular organisms and the organs of which they are composed. Recent theoretical work has hypothesized that many aspects of biological form and function can be predicted based on the scaling properties of these resource distribution networks (West et al. 1997 , 1999 , Enquist et al. 1998 , Price and Enquist 2006 . As applied to plants, the fractal branching model of West, Brown, and Enquist (hereafter WBE model) relates how the properties of branching networks scale with changes in the size and geometry of the network. Four assumptions of the WBE plant model then lead to unique ''quarterpower'' scaling exponents: (1) the branching network is volume filling; (2) the cross-sectional area of the network, due to biomechanical constraints, is area preserving across branching generations; (3) the terminal branch of the network (i.e., the leaf) is invariant with plant size; and (4) the energy dissipated in fluid flow is minimized ; for a detailed description see West et al. [2000] or Enquist et al. [2000] ). The assumption of invariance of leaf dimensions with plant size is reasonable for the purposes of scaling whole-plant form and function. However, the WBE model as applied to whole plants does not address the fact that leaves are highly variable in form and function both across species and intraspecifically during ontogeny. More importantly for the purposes of this paper, the WBE model has not addressed the fact that leaves are also comprised of venous vascular networks.
The construction of leaf vascular networks appears to violate several of the assumptions of the WBE model. First, in contrast to the branching geometry of the whole plant, leaf vascular networks are closer to two-dimensional objects. Leaf morphology approaches that of a 1 E-mail: cprice6@mail.gatech.edu plane as the ratio of leaf lamina thickness to leaf surface area becomes increasingly small. Second, minimization of energy or hydraulic resistance within leaf venous networks likely does not hold. This is because hydraulic properties within the leaf differ from the xylem network within the stem (Canny 1990 , 1993 , McCulloh et al. 2003 . Leaf vascular transport fundamentally differs because water and nutrient exchange with active cells apparently demands slower rates of liquid transport and an increase in total hydraulic resistance (Sack et al. 2003 (Sack et al. , 2004 . As a result, the hydraulic resistance of fluid transport within a leaf constitutes a significant hydraulic bottleneck. Third, while the form and function of wholeplant stem vasculature appears to have been selected to minimize hydraulic resistance so as to efficiently deliver water and organic nutrients to terminal sinks (i.e., leaves; Enquist 2002 , Meinzer et al. 2005 , Anfodillo et al. 2006 , leaves themselves behave more like leaky pipes where the flow of fluid is slowed and where fluid loss occurs both along the direction of vessel orientation and through vessel walls, particularly in the higher order vessels (Canny 1990 , 1993 , Zwieniecki et al. 2002 . From a network perspective, these three differences likely have the effect of increasing total vessel cross-sectional area with each subsequent branching generation (see The extended WBE model below). Recently the WBE model has been criticized for: (1) not being able to explain variation in the scaling of whole-plant metabolism, particularly among seedlings and saplings ; (2) for not being able to account for the hydraulic properties of plants, especially within and near the leaves (McCulloh et al. 2003) ; and (3) for not being able to apply to the scaling relationships observed in leaves (Reich 2001) . These criticisms, while highlighting important details of plant hydraulics and form, stem in part from misconceptions regarding the scope and applicability of the model's assumptions governing network geometry, and the intended scale of inference. The WBE model as applied to plants focused on branching vascular networks up to, but not including, the leaf. The model has not previously been elaborated to include details of leaf vasculature and the specific branching geometry of several plant functional types (palms, vines, grasses), including saplings and plants with few branching generations (West et al. 1999, Price and Enquist 2006) . As discussed by West et al. (1999) and Enquist (2002) , violations of the above optimal assumptions that yield quarter-power scaling relationships will yield different scaling exponents.
Here we address the criticisms that the WBE model cannot account for the diversity of scaling relationships and hydraulic properties of leaves. First, we demonstrate how the WBE model can be extended to account for the specific morphology and physiology of leaves. Second, we then show how the model provides a basis to make mechanistic predictions for the scaling of metabolism, hydraulics, and form in leaves. Specifically, by relaxing the area-preserving and volume-filling constraints imposed within the original WBE model, it is possible to predict a central tendency and range of exponents that uniquely describe the scaling of whole-leaf form. The revised model's predictions are in general agreement with empirical observation from a collection of 622 leaves in 21 species spanning over three orders of Tables 2 and 3 for regression statistics. Surface area was originally measured in cm 2 and mass in g. magnitude in mass. Our extension of the WBE model demonstrates the viability of the network scaling approach to understanding patterns in leaf morphology and constraint across an array of phylogenetically disparate taxa and variable environments.
THE EXTENDED WBE MODEL
The WBE model hypothesizes that many scaling relationships are interconnected via the geometry of the vascular network (West et al. 1997 . Specifically for plants, whole-plant metabolic attributes such as respiration rate (R), carbon assimilation rate (P), xylem flow rate (Q 0 ), and the total number of terminal branches (n N ) will all scale with the volume (V ) or, assuming a constant tissue density, mass (M) of the plant. Specifically,
where h is the scaling exponent that is critically determined by the specific forces that shape the geometry of the network. In addition, many other attributes of the network such as the branch lengths and radii will be critically influenced by the geometry of the network.
Network geometry in the WBE model, particularly as relates to gross morphology, has been characterized by three parameters:
which refer to the ratio of branch lengths (l ), branch radii (r), and the branching ratio (n) among daughter (k þ 1) and parent (k) branches (for a detailed description of the model see West et al. [2000] or Enquist et al. [2000] ). Alternatively, a and b can be expressed as a function of the lengths and radii ratios and the branching ratio:
The values of a and b define the ratio of branch radii and lengths across k self-similar branching levels within an idealized plant. The parameter b is effectively the reciprocal of the fractal dimension of the service volume that the network is filling, and a is a parameter that characterizes biomechanical and hydrodynamic constraints . In contrast with more traditional concepts of dimensionality, fractal dimensions can be noninteger values (Mandelbrot 1977) . Note that West et al. (1999) defined separate parameters ( a and a) to describe internal and external branching, respectively. Leaves generally lack external branching, thus we invoke a single parameter, a, to describe the radii ratio. The 3/4-scaling rule where h ¼ 1/(2a þ b) ¼ 3/4 originates from four additional network assumptions that give a ¼ 1/2, b ¼ 1/3 (West et al. 1997 . Specifically, (1) the network is volume filling (3-D), (2) network fluid flow is optimized to minimize resistance, (3) the terminal units of the network (the leaf ) are invariant with M so that flux per leaf (i.e., R L , P L , Q L ) is invariant with size, and (4) uniform biomechanical constraints protect against failure under the force of gravity.
Given these additional assumptions, and specifically a ¼ 1/2, b ¼ 1/3, a series of scaling predictions emerge. For example, the expected scaling relationships between surface area (A S ), trunk or petiole radius (r 0 ), overall plant or leaf length (l ), and mass (M) can be expressed as
Importantly, for networks in which c (or b), b (or a), and n are not constant (i.e., for plants that are not self-similar [fractal], morphological scaling expectations result from their mean values, provided there is no systematic change in branch angle). Leaf vessel networks typically violate the volumefilling and area-preserving constraints, and thus we would expect a and b to depart from the values hypothesized in the original WBE derivation. It is likely that both a and b vary continuously across leaves as they meet varying biomechanical and hydrodynamic demands in different environments. Thus, in contrast to the initial WBE derivation, we do not predict specific exponents for the relationships described in Eqs. 3 and 4. Rather, we rely on knowledge of leaf dimensionality, fluid dynamics, and earlier work on optimal network configuration (Murray 1926) to predict the first and second axes of variation in leaf morphospace. In doing so, this approach allows us to predict a range of expected exponents rather than a single exponent.
Extending the WBE model to leaves
We extend the WBE model to leaves by making four specific assumptions about the geometry of branching networks in leaves. First, with respect to the lengths ratio (b), leaves typically grow primarily in two dimensions with relatively little investment in thickness. Thus, based on dimensional considerations alone, c ! n Àb , where b should range from 1/3 to 1/2 (Table 1) , and approach 1/2 as the vessel network fills an increasingly two-dimensional space. As a truly two-dimensional object has no mass, we would expect b to approach, but not reach, 1/2 as the ratio of leaf lamina thickness to surface area becomes increasingly small. Second, while the vessel network supplying leaves is designed for efficient transport to terminal sinks, leaves themselves have likely been selected to (1) deliver water and nutrients throughout the network, both laterally and terminally (Sack and Holbrook 2006) , and (2) to further slow delivery so that the exchange of water and nutrients can take place (see Canny 1990 Canny , 1993 . If natural selection has acted to slow rates of fluid flow through the leaf network then the cross-sectional area of the network supplying photosynthetic cells should increase with each branching generation, thus b ! n Àa , where a should be ,1/2. Indeed, empirical data generally supports the prediction that in leaves a is ,1/2 (Canny 1993 , McCulloh et al. 2003 , Vogel 2003 .
Third, we assume that species differences in leaf form and function mainly result from differential tissue investment. The first example stems from the work of Murray (1926) . Murray derived a solution for the optimal network configuration that minimizes metabolic costs of maintaining fluid and vessels, such that the sum of the branch radii cubed at each branching level should be equivalent, Rr
, which yields a ¼ 1/3 (Murray 1926 , Sherman 1981 . Scaling relationships derived from Murray's law would accomplish the goal of slowing rates of fluid flow. However, Murray's law assumes that vessels do not provide structural support, and that volume flow is preserved, thus strict adherence to Murray's law in leaves is unlikely (McCulloh et al. 2003, McCulloh and Sperry 2005) . Nevertheless, the extent to which biomechanical investment and volume loss contribute to departures from Murray's law is unclear. For example, if mechanical investments are minimal and volume loss takes place primarily in the higher order veins, scaling may be dominated by lower order veins, and values near Murray's law may still be observed. Thus we would expect a to approach 1/3 but range from 1/2 to an undetermined lower bound as leaves meet varying hydrodynamic demands and differentially invest in structural tissue (Table 1) .
Our second example stems from differences in tissue density. Together, the above predicted scaling relationships assume that M } V. Thus, it is assumed that bulk tissue density (q), defined here as leaf dry mass per leaf wet volume, is a constant during ontogeny or across species. Previous work has demonstrated that the normalization of linear measures of plant morphological characteristics such as stem diameter, length, or surface area, when expressed as a function of mass, are potentially influenced by the bulk density of plant tissue , Enquist 2002 . For example Eq. 3a can be represented as
Taking the logarithm of both sides yields
where q is bulk tissue density (dry mass per wet volume). Similar proportionalities can be shown for length or radius as a function of mass. (We do not do so here for brevity.) In general, leaf bulk tissue density is not highly variable within a species; however, between species significant variability exists (Chabot and Hicks 1982) .
This suggests that as leaf bulk tissue density increases across species, the normalization of Eq. 6 [Àh log(q)], or any dimensional vs. mass regression, will decrease (Table 3 ). Thus, caution should be taken with respect to mechanistic interpretations of interspecific regression slopes especially when tissue density is likely variable (e.g., Reich 2001) . Specifically, if bulk tissue density changes in any systematic way with leaf mass, interspecific regressions that do not normalize for density may yield misleading results (Table 2 ; see the Results section). Our fourth assumption concerns the fact that vascular networks in many leaves are reticulate with second, third, or fourth-order veins connecting to form closed loops. Terminal branch units within our model are discrete. Thus, for simplicity and consistency, we assume that within higher order branches, the dimensions and volume flow of the branch are proportional to the parent branches to which they are connected. For example, when two parent branches of level k are joined by a single branch of level k þ 1, the dimensions of the k þ 1 branch are proportional to the sum of the contributions of the two parent branches.
METHODS
To test the predictions of the model, we collected a total of 622 leaves in 21 species, ;30 leaves per species, typically from several plants and spanning the range of leaf sizes available for each species. Species were chosen based on their local availability, and leaves were collected in two primary locations during the spring and summer of 2005. The first location was in the broadleaf deciduous forests of eastern Tennessee, USA (35847 0 2 00 N, 83829 0 13 00 W, elevation ;457 m, mean annual precipitation ;1200 mm). Species from this region included Acer rubrum L., Cercis canadensis L., Cornus florida L., Fagus grandifolia Ehrh., Liriodendron tulipifera L., Magnolia grandiflora L., Sassafras albidum (Nutt.) Nees., Ilex opaca Ait., Quercus spp., and Vitis rotundifolia Michx.. The second location was in the Sonoran Desert thorn scrub in southern Arizona, USA (32812 0 36 00 N, 11182 0 31 00 W, elevation ;710 m, mean annual precipitation ;300 mm). Species from this region included Xanthium strumarium L., Simmondsia chinensis (Link) Schneid., Populus fremontii S.Wats., Lycium berlandieri Dunal, Isocoma tenuisecta Greene, Datura wrightii Regel, Chilopsis linearis (Cav.) Sweet, Larrea tridentate (Sesse & Moc. Ex DC.) Coville, Encelia farinosa Gray ex Torr., and Fouquieria splendens Engelm. A single nonnative Gymnosperm species, Ginko biloba L., was collected on the University of Arizona campus (Tucson, Arizona, USA) for comparative purposes.
For each fresh leaf, major axis length (l, mm), lamina thickness (mm, typically the average of two measures taken at the base and apex of each leaf blade, between the secondary veins), and petiole diameter (r 0 , mm, average of minor and major axis) were measured with digital calipers. Surface area (A S ; mm 2 ) was measured by digitally scanning each fresh leaf. Leaf surface area was then calculated using image analysis software (Scion Image Beta 4.0.2, available online).
2 All leaves were dried in a drying oven at a fixed temperature until a constant dry mass (M, g) was attained. Wet volume (cm 3 ) was estimated as the product of lamina area and thickness in fresh leaves. Bulk tissue density (q, g/cm 3 ) was estimated as the ratio of dry mass to wet volume. As several species (Larrea tridentata, Lycium berlandieri, Encelia farinosa, Fouqueria splendens) had laminae and petioles that were smaller than could be reliably measured with digital calipers, scaling relationships based on lamina thickness (and thus density) or petiole diameter for these species are not reported (Appendix : Tables A1, A2 ; this explains the differences in sample size observed in Appendix Table A1, and Tables 2 and 3) . We note that a few outlying values were presumably recorded incorrectly (e.g., misplaced decimal point) during data collection and were removed from the data set (Appendix : Table  A2 ).
Bivariate scaling relationships between the aforementioned traits were analyzed by fitting standardized major axis (SMA) regression lines to log-scaled variables. When there is likely to be measurement error in the X variable, SMA regression techniques allow for a better estimate of a line fitting two variables than ordinary least squares regression (Sokal and Rohlf 1995) . SMA regression statistics for intraspecific relationships (Appendix: Table A1 ) were calculated using the statistical program (S)MATR (Falster et al. 2003) .
RESULTS
We used two methods to evaluate the agreement between our model and empirical scaling values. To explore the range of observed variation, and to characterize the principle axes of variation, we plotted the expected scaling exponents from Eqs. 4 (Fig. 2a) and Eqs. 3a, c, and 4c (Fig. 2b) , letting a vary from 1/1.5 to 1/4.5, and b vary from 1/1.5 to 1/3.5 (Fig. 2 , large open areas). These combinations of equations were chosen because each proportionality can be expressed as a function of the other two. Each surface is theoretically infinite. In each figure, we also plotted the empirical combinations of exponents (black points), and dashed lines representing hypothesized limits (see Fig. 2 legend, Table 1 ). Note that all of the empirical exponents (save G. biloba) fall within the hypothesized ranges for a (1/2 to ,1/3) and b (1/2 to 1/3).
To explore the central tendency within the empirical data, for each observed intraspecific scaling relationship (Appendix : Table A1 , 111 total) we checked to see if the exponents generated from the model equations (Eqs. 3 and 4) letting a and b vary from 1/4 to 2/3) were included in the empirically derived exponent's confidence limits (hereafter, ''included''). The range of a and b values, 1/4 to 2/3, were chosen to include previously hypothesized values, and for effective display of the included state space (Fig. 3) . Obviously the number included varied depending on the specific values of a and b used, and exhibited a maximum of 61/111 times where b ¼ 1/2.4 and a ¼ 1/3 ( Fig. 3 ; Appendix: Table A1 ), although the range of b ¼ 1/2.1-1/2.5 and a ¼ 1/2.9-1/3.3 provided relatively strong support (Fig. 3, light-colored  peak, .55 included) . In contrast, the original WBE (3-D) model (a ¼ 1/2, b ¼ 1/3) and geometric similitude (a ¼ 1/2, b ¼ 1/2) were included 8/111 and 23/111 times, respectively. We hereafter use these values (b ¼ 1/2.4 and a ¼ 1/3) to ''predict'' mean intraspecific and interspecific scaling exponents for Eqs. 3 and 4 ( Table 2 ). We use this approach simply to determine if a single combination of a and b values used in Eqs. 3 and 4 can accurately predict all six interspecific and mean intraspecific relationships (Table 2) .
Confidence limits for the observed intraspecific slope means include the exponents predicted by Eqs. 3 and 4 when b ¼ 1/2.4 and a ¼ 1/3 (this holds when b ¼ 1/2.3 and a ¼ 1/3 as well; Table 2 ). Confidence limits for the observed interspecific slopes include model predictions for Eqs. 4, the three relationships that are unlikely to be influenced by changes in bulk tissue density. Confidence limits for the three mass-based interspecific relationships do not include model predictions, which is consistent with a change in density and thus intraspecific normalization across species as suggested by Eq. 6.
We observed over an eight-fold difference between the minimum (Cercis canadensis, 0.065 g/cm 3 ) and maximum (Magnolia grandiflora, 0.531 g/cm 3 ) leaf-level tissue density values. To see if changes in bulk tissue density influenced the normalization of intraspecific relationships as predicted by our model, we regressed the observed intraspecific intercepts against the logarithm of mean species bulk tissue density times the observed scaling exponent for the six relationships we explored (Table 3) . As predicted (Eq. 6), increases in bulk density lead to lower intercepts for mass-based allometric relationships, but not for the predicted linear relationships (Table 3 ). All three mass-based relationships are negative and two of the three are statistically different than zero (P , 0.05). In contrast, all three relationships based on linear dimensions are not statistically different than zero (P . 0.05). The importance of tissue density in influencing the functional nature of the scaling of leaf form and function helps to explain in part why our observed interspecific confidence limits are higher than model predictions for mass-based relationships, yet include model predictions for linear relationships (Table  2) .
DISCUSSION
Plant modularity, and specifically the evolution of separate organs for photosynthesis (leaves), water acquisition (roots), delivery and support (stems), has apparently allowed natural selection to optimize the distribution networks within each organ system. Plants have accordingly adopted an impressive array of strategies to maintain a positive carbon balance in myriad terrestrial habitats. In spite of this variety, most land plants are subject to similar morphological constraints. For example, fluid flow between each organ system must travel through three critical networks: the root network, the stem network, and the leaf network. All fluid acquired belowground must travel through the stem network before being distributed to the aboveground parts of the plant. Similarly, all water and nutrients required by the leaf cells for proper function must pass through the leaf venous network. As fluid transport is critical to the overall carbon balance of a plant, one would expect that both transport networks be honed by selection according to the forces that operate on the geometry of each network. As already discussed, the properties of the main branching network of the plant and the branching network of the leaf fundamentally differ. Thus, one might expect the exponents characterizing the relationships between aboveground plant mass and basal stems, and leaf mass and petioles, respectively, to scale differently from one another but also to be proportional across taxa.
Dicotyledonous leaves and many plant stems are similar in sharing approximately hierarchical branching distribution networks composed of vessels for delivery Table 1 ). The rectangle is three-sided because there is no hypothesized lower limit for a; thus the rectangle in each figure delineates the hypothesized limits of leaf morphospace based on our model. Note that all empirical values fall within these hypothesized limits, save the single black point at right in each figure that represents Ginko biloba, a gymnosperm species that does not have hierarchical branching within its leaves and thus does not meet the assumptions of our model. of water and organic nutrients to cells. However, leaves and stems are clearly different in geometry as wholeplant networks typically fill three-dimensional space while leaf networks are closer to two dimensional. Further, selection has likely acted in stem networks to be efficient in delivering water and resources to terminal sinks (leaves), to allow for maximal rates of photosynthesis when conditions are optimal. However, once water and nutrients reach the leaf flow rates must slow in order to allow water to transpire from the surfaces that surround aerenchymous tissue in leaves and to prevent desiccation by increasing resistance to water loss (Canny 1990 , 1993 , Zwieniecki et al. 2002 . The observed increase in the proportion of resistance with leaf venous branching level (Sack et al. 2004 ) also supports the notion that flow rates are slowed by the increase in cross-sectional areas as predicted by Murray's Law.
As we have demonstrated here, the above differences between leaves and whole-plant branching architecture have important implications for the scaling of leaf morphological dimensions. A body of recent work has explored how the growth of hydrodynamically efficient networks should influence the scaling of whole-plant gross morphology , Enquist 2002 , Price and Enquist 2006 . This work has explicitly assumed that leaf properties (morphology and physiology) do not vary with whole-plant size. This is a reasonable assumption across many orders of magnitude of plant size. However, as we have discussed above, leaves do vary in size and physiology across species and during their ontogeny. We are unaware of any previous attempts, however, to quantitatively predict the scaling of leaf dimensions based on the first principles of network geometry. FIG. 3 . Each combination of a and b yields specific values for the exponents in Eqs. 3 and 4. Letting a and b vary discretely from 1/1.5 to 1/4 (0.1 intervals), we noted how many (out of 111 total) of the predicted exponents were ''included'' in the empirical exponent's confidence limits (Appendix : Table A1 ). Note a peak of 61 where b ¼ 1/2.4 and a ¼ 1/3, and regions of strong support (.55) from b ¼ 1/2.1 to 1/2.5 and from a ¼ 1/2.9 to 1/3.3. Fig. 2 . While we expect values for a around 1/3, the lower bound for a is undetermined. Reich (2001) recently highlighted empirical differences between the scaling of plant leaves and animal bodies. We agree in part with the findings of Reich (2001), but we offer a more detailed and quantitative treatment for just how leaves should scale and how they should differ from other vascular networks in nature. Reich concluded that only a geometrically based model, and not a sizebased model, would be able to reconcile these differences. We disagree with his conclusion, as the WBE model, which is based on how the geometry of vascular networks influences biological form and function, appears to correctly show how the forces that influence the geometry of the vascular network (as reflected by the values a and b) and the mass and volume of the organ or organism are critically linked. Our findings are consistent with the fundamental hypothesis of metabolic scaling theory (i.e., mass-and/or size-related scaling phenomena in biology are mechanistically linked to the forces that influence the scaling of vascular network geometry and exchange surfaces; West et al. 1997 , 1999 , Enquist 2002 , Price and Enquist 2006 .
Leaves are subject to strong selective gradients in aridity, solar radiation, and nutrient availability that influence their size and shape. Thus the values of c and b (and thus b and a) are expected to vary somewhat across species as they balance the need for efficient conductance, net carbon acquisition, and protection against desiccation. For example, it has been well-documented that leaves in arid and Mediterranean habitats are thicker and fleshier on average than those in more mesic environments (Chabot and Hicks 1982) . As a result, we expect that no single ''universal'' exponent(s) will describe scaling relationships across all leaves. However, we do argue that a zeroth-order general model of biological networks can account for much of the generality in biological scaling phenomena. For example, additional variability in scaling exponents across species and environments is expected to be a function of relative vessel branching (n), the branch lengths (c), and branch radii (b) ratios, and the degree to which these parameters are influenced by leaf thickness, area, and tissue density. Clearly, detailed empirical measurements of n, c, and b across numerous plant families and environments would be instructive and we are currently working on obtaining these measures in both leaves and plant stems.
Unfortunately, values for the ratio of leaf vessel branch lengths (c), branch radii (b), and the branching ratio (n; Eqs. 1) are not commonly reported in the literature (McCulloh et al. 2003) . However, a few empirical studies do in fact support the predictions made by our model. For example, Canny (1993) reported that for a single sunflower leaf, the sum of the radii cubed across five vein diameter classes remains remarkably constant, consistent with Murray's hypothesis, or b ffi n À1/3 (Murray 1926 , Canny 1993 ). Also, we were able to find a single study that examined the branching ratio (n) and lengths ratio (c) in the side lobe of a Sorbus hybrida (Rosaceae) leaf (Turcotte et al. 1998 ). Turcotte et al. reported a branching ratio of 4.47, and branch lengths ratio of 0.457. Substituting these values into the expression for c k in Eqs. 1 yields a value of 0.524 for b, which is greater than 1/3 predicted for volume-filling branching but is in reasonable agreement with our hypothesized value (;1/2) for approximately two-dimensional leaves. It is important to point out that Turcotte et al. (1998) analyzed only the side lobe of leaf, Notes: As predicted, the three mass-based relationships all have negative slopes (two of three are significant) due to increased bulk density. In contrast, the three linear-based relationships all have slopes that do not differ statistically from zero. not an entire leaf, which may explain why the value they report is slightly higher than our hypothesized range. Note, in keeping with convention in the river network literature, Turcotte et al. define the lengths ratio as l k : l kþ1 , the inverse of our definition, thus we use the reciprocal of the value they report (2.19).
Obviously whole plants are subject to the same suite of selective pressures as leaves, and the present model can be extended to the scaling of whole-plant gross morphology and metabolism, particularly in herbaceous or succulent taxa that have little caulescent tissue, express photosynthetic stems, or have few branching generations; thus violating some of the initial WBE assumptions (Price and Enquist 2006, Reich et al. 2006) .
Many recent investigations of leaf form and function have highlighted the importance of the ratio of leaf mass and area (LMA) or its reciprocal, specific leaf area (SLA) on critical functional traits such as photosynthetic assimilation rate, relative nitrogen or phosphorus content, and leaf lifespan (Reich et al. 1997 , Wright et al. 2002 . This work has done much to increase our understanding of leaf economics across sites globally. However, as M/A ¼ Tq (where q is bulk tissue density and T is leaf thickness), dimensional measures, area (A, 2-D) and thickness (T, 1-D), are separated on either side of the equation, and thus the relative influence of q or T on the scaling of LMA is difficult to determine (Niinemets 1999) . Our work compliments these efforts and provides an alternative way of exploring the scaling of leaf form by consolidating dimensional measures (A S in Eq. 5) and considering how the volume that the network fills (as reflected in b; Eq. 5) influences the scaling of surface area.
Our model also provides additional testable predictions for the scaling of whole-leaf metabolism. Importantly, our results indicate that whole-leaf metabolism should be characterized by unique scaling exponents. Specifically, rates of whole-leaf metabolism (respiration, R L , and photosynthesis, P L ) should scale with surface area, A S , and whole-leaf mass. Specifically, 
Unfortunately, as most physiological measurements in leaves are reported on a per unit area basis we are unaware of any studies that have specifically assessed these predictions for whole-leaf metabolism. However, support for the prediction may be found in recent work by Wright et al. (2004) . Wright et al. showed that carbon assimilation rate per unit mass decreased with increasing leaf mass per unit leaf area. If correct, then future elaboration of our model will be able to provide a theoretical basis to understand variation in the leaf economic spectrum as reported by Reich et al. (2003) and Wright et al. (2004) .
We find the concordance between model predictions (when b ¼ 1/2.4 and a ¼1/3) and species means striking (Table 2) . Obviously, no leaf is truly two-dimensional, and the range of b values that correspond to empirical values (1/2.1 to 1/2.5) is consistent with our hypothesis that leaves approach, but do not reach, two-dimensional objects. Further, based solely on two biologically meaningful, quantifiable parameters (a and b), we are able to predict six different scaling relationships, all of which are in good agreement with intraspecific relationships, and empirical species means.
In summary, we have shown that the scaling of morphology and function in plant leaves can be accurately predicted based solely on the properties of their resource distribution networks. This work emphasizes the value of the network approach, and specifically our extension of the WBE model, for understanding the origin and interconnectedness of scaling phenomena in biology. The model can provide a foundation upon which more detailed models can be constructed at the leaf, whole plant, community, or ecosystem scale. Here we provide testable predictions for the range of values of b and a (and thus c and b) expected for dicotyledonous leaves. These values are in general agreement with a limited body of empirical data from the literature (Canny 1993 , Turcotte et al. 1998 . Together, our results suggest that plant modularity has allowed different plant organs to optimize different resource distribution strategies; namely separate 3-D and 2-Dþ networks that employ area-preserving and area-increasing branching, respectively.
